27. S. F. Elena, R. E. Lenski, Nature 390, 395 (1997). 28 . P. D. Sniegowski, P. J. Gerrish, R. E. Lenksi, Nature 387, 703 (1997 S1E ). PSR heterozygous mice appeared healthy and were comparable in all analyses to wild-type mice. Breeding of heterozygous mice, however, resulted in no PSR-deficient mice genotyped at postnatal day 8 (P8) (table S1). Viable PSR knockout mice could be identified at birth. PSR-deficient mice were unable to breathe, showed cyanotic skin color (Fig. 1A) , and died within hours. Examination of lungs from these mice indicated that they were not fully expanded (Fig. 1B) . Fetal lung development in mammals proceeds from a semisolid to a saccular organ capable of air exchange at birth. Histological analysis revealed that lumen formation in PSR-deficient lungs was severely impaired (Fig. 1C) . Surfactant made by lung epithelial cells is essential for the creation of air space. Deficiency of surfactant protein results in postnatal respiratory failure (11); however, surfactant was present at seemingly normal amounts in the airways of PSR-deficient mice (Fig. 1C) . Semiquantitative reverse transcription polymerase chain reaction analysis and immunocytochemistry also revealed similar amounts of surfactant protein in PSR-deficient lungs ( fig. S2) . Thus, the death of PSR-deficient mice from impaired respiration is unlikely to be caused by defective surfactant production. Lung morphogenesis is attributable in part to apoptosis and subsequent clearance of mesenchymal and epithelial cells (12) (13) (14) . We used TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling) to investigate cell apoptosis during lung development. Increased TUNEL-positive cells (ϳ0.6% wildtype versus ϳ3.6% knockout cells) were noticed in the lungs of E17.5 PSR-deficient mice (Fig. 1D) (fig. S2) . Costaining of TUNEL with a type II epithelial cell marker, SP-C, indicated that these apoptotic cells comprise both mesenchymal and epithelial cells ( fig. S2 ). To study the fate of these apoptotic cells, we examined the ultrastructure of cells from P0 mice. In wild-type lung, most apoptotic cells were found engulfed (Fig. 1E) (fig. S2 ), but no phagocytosis of apoptotic cells was detectable in PSR-deficient lungs. Rather, a population of necroticlike cells was observed. These cells, of both mesenchymal and epithelial origin, had semicondensed nuclei and dilated organelles including mitochondria and nuclear membranes (Fig. 1E) (fig. S2) . Recruitment of neutrophils, a sign of inflammation associated with cell necrosis, was also evident in regions with lysed cells in PSR-deficient lungs (15) . These observations suggest that the increased number of apoptotic cells in PSR-deficient lungs is likely due to failed clearance. Remaining apoptotic cells may undergo secondary necrosis that is associated with pulmonary dysfunction in these mice.
PSR-deficient mice were generated in close to Mendelian ratios at E15.5 and E17.5 (table S1), which suggests that PSR is dispensable for the survival of early-stage embryos. In addition to defective lung development, ϳ15% of PSRdeficient embryos manifested a severe brain malformation ( Fig. 2A) characterized by exencephaly, disrupted forebrain proliferative zones, expanded midbrain, and a disrupted cortical plate (Fig. 2B) (fig. S3 ). We also noted altered morphology of the olfactory bulb, brainstemspinal cord junction, and cerebellum ( fig. S3) . Notably, the eyes of E17.5 PSR-deficient mice show protrusions of the retinal neuroepithelium and smaller lenses (Fig. 2C) . Enhanced proliferation within PSR-deficient retina and brain was consistently observed (fig. S3 ). Ectopic proliferative zones were in some instances highly immunopositive for the neuronal marker TUJ1 ( fig. S3 ), indicating that these zones contain abnormally migrated or prematurely differentiated neuronal cells. Thus, PSR appears to regulate the size of different proliferative cell populations during neuronal development. Apoptosis plays an essential role in eliminating overproduced progenitors during development of the central nervous system (CNS) (16, 17) . Inactivation of the Apaf-1-caspase-9 -caspase-3 apoptosome pathway in mice results in decreased cell apoptosis and hyperplasia of similar CNS structures that showed abnormalities in PSR-deficient mice (18 -22) . However, unlike mice deficient in the caspase pathway, which have decreased apoptosis, PSR-deficient mice at E15.5 to E17.5 showed increased TUNEL-positive cells within the midbrain (ϳ0.9% wild-type versus ϳ6.8% knockout cells) (Fig. 2D) and retina (Fig. 2E) . The affected midbrain also exhibited numerous pyknotic nuclei, increased active-caspase-3 immunostaining (15), and enlarged blood vessels, suggesting an inflammatory response to this region (Fig.  2D) . The inflammatory response in PSR-deficient midbrain was confirmed by recruitment of F4/80-positive macrophages to this region ( fig. S4 ). In addition, electron microscopy (EM) analysis of PSR-deficient midbrain showed defective engulfment of apoptotic cells (fig. S4 ). These data are consistent with a role for PSR in the removal of apoptotic cells in the CNS, lack of which also results in a hyperplasic phenotype.
To test phagocyte function in the absence of PSR, we performed adoptive transfer experiments to generate PSR-deficient macrophages. E14.5 fetal livers, which harbor hematopoietic stem cells, from both wild-type and knockout mice were injected into lethally irradiated recipient mice (B6.SJL-Ptprc strain). Because B6.SJL-Ptprc mice have a different hematopoietic marker from the donor mice (CD45.1 versus CD45.2), cells from the donor or the recipient could be distinguished. Four weeks after transfer, thioglycollate-elicited macrophages were isolated. Staining of the macrophages by an antibody to CD45.2 revealed that more than 90% of the cells were derived from donor mice (15) . Apoptotic T cells were incubated with these macrophages and the engulfment was quantified. A 50% reduction of phagocytosis was detected in macrophages derived from PSRdeficient mice (Fig. 3, A and B) . To test whether the defective engulfment in PSRdeficient macrophages reflects a defect in the specific recognition of PS, we performed a liposome competition experiment. PS liposomes, but not phosphatidylcholine (PC) liposomes, inhibited phagocytosis by PSR wild-type macrophages and had no effect on PSR-deficient macrophages (Fig. 3B) . Hence, PSR has an essential role in the recognition of PS. In contrast, similar amounts of phagocytosis were observed when T cells opsonized with antibodies to Thy1.2, a protein present on all T cells, were used ( fig. S5 ), indicating that PSR-deficient macrophages do not display a general defect in phagocytosis. These results demonstrate that PSR is required for phagocytosis of apoptotic cells.
A number of molecules and surface receptors are implicated in phagocytosis of apoptotic cells in mammals (23, 24) . Ablation of these molecules in mice, however, has resulted in either no deficiency or minor defects in embryonic development (25) . In contrast, mice deficient in PSR manifested severe lung and brain phenotypes associated with increased numbers of nonphagocytosed apoptotic cells. Increased density of apoptotic cells in the malformed brains of PSR-deficient mice suggests that PSR may function in the removal of apoptotic cells. Yet the hyperplasic phenotype of such mice resembles that seen in mice deficient in the apoptosome pathway. However, the penetrance of the brain phenotype in the latter mice is greater than we have observed in PSR-deficient mice (ϳ15% exhibit hyperplasia). It is not clear why this penetrance is lower. Because mice were generated on a mixed background (129 and C57BL/6), mixed genetic determinants may predispose knockout mice to this brain phenotype, as we have observed for caspase-3 knockout mice (26) . Breeding these mice into a pure genetic background will be helpful in testing this hypothesis.
In any event, PSR-dependent phagocytosis may be important for killing cells, and failure of this process may be involved in human congenital brain malformations with defects in cell proliferation (for example, megalencephaly). In Caenorhabditis elegans, impaired phagocytosis can rescue cells from caspase-dependent apoptosis (27, 28) . Therefore, phagocytes may induce and/or enhance apoptosis in cells destined to die. All newborn PSR-deficient mice suffered respiratory difficulties resembling those of respiratory distress syndrome (RDS) in human infants. Defects in surfactant protein expression are linked to some inherited RDSs (29) but were not observed in PSR-deficient mice. Impaired PSR-mediated phagocytosis of apoptotic cells may provide a mechanism underlying some forms of RDS. PSR is therefore essential for development of mouse lung and brain, underscoring the importance for removing apoptotic cells during mammalian development. 
